Under anoxic conditions, most methoxylated mononuclear aromatic compounds are degraded by bacteria, with catechol being formed as an important intermediate. On the basis of our experiments with the sulfate-reducing bacterium Desulfobacterium sp. strain Cat2, we describe for the first time the enzymatic activities involved in the complete anaerobic oxidation of catechol and protocatechuate. Results obtained from experiments with dense cell suspensions of strain Cat2 demonstrated that all enzymes necessary for protocatechuate and benzoate degradation were induced during growth with catechol. In addition, anaerobic oxidation of catechol was found to be a C02-dependent process. Phenol was not degraded in suspensions of cells grown with catechol. In cell extracts ofDesulfobacterium sp. strain Cat2, protocatechuyl-coenzyme A (CoA) was formed from catechol, bicarbonate, and uncombined CoA. This oxygen-sensitive reaction requires high concentrations of both bicarbonate and protein, and only very low levels of enzyme were detected. In a second oxygen-sensitive step, protocatechuyl-CoA was reduced to 3-hydroxybenzoyl-CoA by reductive elimination of the p-hydroxyl group. Further dehydroxylation to benzoyl-CoA was not detectable. Key reactions described for anaerobic degradation of benzoate were catalyzed by cell extracts of strain Cat2, too.
Aerobic biodegradation of lignin by fungi and bacteria produces several different aromatic compounds carrying methylated hydroxyl groups. Since the ligninolytic enzymes of these organisms are located extracellularly, diffusion of methoxy aromatics into anoxic habitats is possible, and as a consequence, anaerobic degradation can take place (8, 11 ).
An important criterion for degradability of lignin derivatives is their molecular mass. Until now, investigations of anaerobic degradation of oligomeric products were contradictory, but there were some indications of low levels of degradation activity in lake sediments when the relative molecular weight was lower than 600 (8) . In contrast, there is no doubt about anaerobic transformation and degradation of monomeric derivatives. In 1979, Healy and Young (16) demonstrated the fermentive degradation of methoxylated aromatic acids by undefined methanogenic mixed cultures, and soon after, the respective hydroxyl derivatives were identified as products of this process (1) . Most lignin monomers tested were transformed to catechol, which therefore is an important intermediate in anaerobic degradation of aromatic compounds released from wood (18) .
Although anaerobic degradation of catechol was known for a long time (16) , no physiological or biochemical investigations were carried out. In an early hypothesis, phenol was favored as the first intermediate of the pathway, but until now, no data confirming this hypothesis have been published (2) . Recently, pure cultures growing anaerobically with catechol and sulfate were isolated (20, 24, 26) , but no evidence of reductive dehydroxylation to phenol was found. In contrast, some indications of carboxylation as an initial reaction were obtained in investigations with a newly isolated Desulfotomaculum strain (20) .
In the present study, we report results of experiments with cell suspensions and cell extracts bischink@nyx.uni-konstanz.de.
Cat2 which allow us to propose a new pathway for anaerobic catechol degradation.
MATERIALS AND METHODS
Growth conditions. Desulfobacterium sp. strain Cat2, DSM 8540, was grown in saltwater-mineral medium as described previously (24) . Aromatic substrates were stored anoxically as neutralized stock solutions in sterile infusion bottles under nitrogen gas and were added to cultures with syringes. Cultivation of strain Cat2 was performed in 1,200-ml infusion bottles sealed with natural rubber septa, with 2 mM aromatic substrate and 20 mM Na2SO4 under an N2-C02 (90:10) atmosphere at 28°C in the dark.
Experiments with dense cell suspensions. Cell suspensions were prepared as previously described (14) . Cell density was adjusted to an optical density at 578 nm of 15, and experiments were performed anoxically under N2 in 5-ml, rubber-sealed Hungate tubes. The assay mixture contained 50 mM potassium phosphate buffer (pH 7.0), 1 (14) .
Protocatechuate decarboxylase was measured, and a decrease of protocatechuate at 288 nm (s288 = 3.65 mM1-cm-') was recorded. The assay mixture contained 100 mM potassium phosphate buffer (pH 6.0), 5 (6, 14) . Identification of CoA esters was performed as described previously (14) . Pi was quantified as described by Chen et al. (7) . Protein was determined as described by Bradford (5) Cell extracts of catechol-grown cells catalyzed key reactions necessary for complete catechol oxidation. In addition to glutaryl-CoA dehydrogenase activity, enzymes of n-oxidation of fatty acids and of the carbon monoxide pathway were detected (Table 2) .
DISCUSSION
In early investigations of anaerobic catechol degradation by undefined mixed cultures, phenol was suggested to be an intermediate produced by reductive dehydroxylation (2). This hypothesis was maintained until the first pure cultures of catechol-degrading, sulfate-reducing bacteria, e.g., Desulfobacterium catecholicum, were isolated (20, 24, 26) . Growth tests with these strains showed that catechol degradation was not always linked to the ability to grow with phenol. In contrast, a different combination of aromatic growth substrates was found to be common to all known catechol-degrading bacteria: protocatechuate, 3-hydroxybenzoate, 4-hydroxybenzoate, and benzoate.
Protocatechuate as intermediate in anaerobic catechol metabolism. In dense suspensions of catechol-grown cells of strain Cat2, no phenol degradation was detected even if 
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a Averages determined from duplicate experiments are given. For discontinuously measured enzyme activities, the rate was calculated from six to eight sampling points.
b With 10 mM benzyl viologen as the electron acceptor.
protein biosynthesis was not inhibited by the addition of chloramphenicol. Thus, enzymes necessary for phenol breakdown were not present, indicating that this aromatic compound was probably not involved in catechol degradation. Anaerobic degradation of other nonacidic aromatic compounds was found to be CO2 dependent (14, 21, 25) . Also, the rate of catechol degradation by strain Cat2 was significantly accelerated by the addition of bicarbonate, indicating participation of a carboxylating reaction in the pathway. This C02-consuming step might be the carboxylation of catechol, which is chemically favored in an o orp position to a hydroxyl group, forming 2,3-dihydroxybenzoate or protocatechuate. 2,3-Dihydroxybenzoate was not used as a growth substrate by strain Cat2. Therefore, formation of protocatechuate as an initial reaction seems to be more likely.
Decarboxylation of protocatechuate detected in cell suspensions and cell extracts of catechol-grown strain Cat2 is a contraproductive process because the reversed reaction probably initiates the anaerobic breakdown of catechol. To date, we have no physiological explanation for this observation, but protocatechuate decarboxylation was also described for a catechol-oxidizing Desulfotomaculum strain, indicating that this reaction might be widespread among bacteria degrading catechol anaerobically (20) . The protein catalyzing this decarboxylation had some properties in common with other enzymes decarboxylating hydroxybenzoate derivatives (12, 19) ; the apparent optimum pH was 6.0, and decarboxylation was a biotin-independent reaction, since addition of avidin was without effect.
To prevent protocatechuate decarboxylation during further experiments, alkaline assay conditions were chosen. In such assays, catechol was carboxylated and immediately esterified with CoASH in a reaction which requires high bicarbonate concentrations, ATP, Mg2+, Mn2+, and CoASH. Since the equilibrium constant for the initial catechol carboxylation was calculated to be 7.5 x 10-5, detection of a weak catechol carboxylase activity could be possible only through the removal of protocatechuate by esterification with CoASH and immediate hydrolysis of PPi (AGO' = -21.9 kJ -mol-1) (27) 60, 1994 3-hydroxybenzoyl-CoA, with reduced benzyl viologen as the electron donor. This kind of reaction was detected neither in our assays with Desulfobacterium sp. strain Cat2 nor with a newly isolated, protocatechuate-degrading, denitrifying bacterium (13) . Therefore, dehydroxylation of 3-hydroxybenzoylCoA catalyzed by these strains either required an electron donor we did not test or involved a different reaction, e.g., a direct reduction of the aromatic nucleus. The latter alternative cannot be ruled out because in former investigations concerning anaerobic 3-hydroxybenzoate degradation by denitrifying bacteria, no indication of reductive dehydroxylation to benzoate or benzoyl-CoA was found (17) .
On the basis of the results of this study, we propose a new pathway of anaerobic catechol degradation by Desulfobacterium sp. strain Cat2 as depicted in Fig. 3 .
